ABSTRACT Internet of Things (IoT) plays as the key infrastructure for various applications, e.g., smart city, smart grid, and smart manufacturing. Wireless communication is greatly limited for IoT devices due to the severe electromagnetic interference in industrial radio-hostile environments. Visible light communication (VLC) has been considered as a promising communication technique that could complement the wireless communication. Due to complex industrial environments, it is not practical to wire such scale of VLC-enabled IoT devices into the power line or replace batteries for them. To cope with this challenge, we propose to harvest the energy from electromagnetic interference signals to power the VLC for IoT devices. We achieve this goal by proposing advanced signal processing designs, new energy-efficient schemes, and seamless integration. Finally, we prototype the system on real devices, and our extensive experiments show that our system can achieve promising results.
I. INTRODUCTION
Recently, the blooming of Internet of Things has transformed many domains in our society, including the smart manufacturing, smart grid, and smart city [1] - [7] . Wireless techniques play a key role in enabling data transmission for IoT devices. However, the severe electromagnetic interference commonly found in industrial environments hinders the full success of wireless techniques used in industrial Internet of Things, which could cause the financial loss for factories, the decrease in manufacturing productivity, or even physical damage [8] - [10] . Indoor visible light communication has been proposed as an alternative networking solution that could alleviate the electromagnetic interference [11] - [13] . It could complement with Wi-Fi, cellular networks (3G, 4G,
The associate editor coordinating the review of this manuscript and approving it for publication was Liangtian Wan. and even 5G) and other communication technologies to better support various types of data communication in industrial Internet of Things [14] - [18] , as shown in Figure 1 . However, due to human resource logistics and environmental concerns, it is not practical to wire VLC-enabled sensing devices into the power line or replace batteries for them in industrial complex [19] - [22] . Therefore, it is imperative to design the indoor visible light communication without the reliance on the power line or batteries.
The technique of energy harvesting can transform surrounding energy sources, which include solar energy, heat energy, vibration energy and electromagnetism energy, into the usable electrical energy [23] . Extensive work has been done on harvesting the energy for wireless communication through solar energy, piezoelectric energy and vibration energy [24] . Recent work on self-powered visible light communication only focused on using the solar energy, which has limitations on the availability of energy sources, location and deployment cost [25] - [27] . For example, the solar energy is not available in 24 * 7 * 365 hours. Furthermore, both external solar cells and complex power line wiring are not practical for large scale of distributed VLC-enabled sensing devices in indoor environments. The ubiquitous presence of electromagnetism from both wireless techniques (e.g., Wi-Fi, GSM [14] ) and electrical equipments, which is considered as the electromagnetic interference, in the industrial environments makes it an ideal and economical energy source for the indoor self-powered visible light communication. We propose to turn the electromagnetic interference into the energy benefits to power indoor visible light communication, which subsequently alleviates the radio frequency interference problem and extends the operating range of wireless systems in radio-hostile environments.
A. CHALLENGES
However, harvesting the electromagnetism energy to enable the indoor visible light communication is a non-trivial task. In order to realize the indoor self-powered visible light communication in practice, we have to tackle several challenges as follows. First, we find that, comparing with other energy sources that can produce high power density, the power density of electromagnetism energy is very small from electromagnetism sources [28] , as shown in Table 1 , which means such limited energy imposes challenges on driving the LEDs (e.g., SSL-LX100133XUWC [29] ). Second, traditional modulation schemes fail to improve energy efficiency and bit error rate (BER) at the same time in this case. Finally, implementing such system requires to overcome numerous practical challenges on fine-tuning a variety of factors in both hardware and software and make trade-offs across the whole system. Overall, we address the following problem: Can we leverage the ubiquitous electromagnetic signal to enable indoor self-powered visible light communication? Our investigation yields a positive answer. In this paper, we design and implement a holistic solution includes system designs, modulation designs and circuit designs to address the challenges above.
B. CONTRIBUTIONS
Our contributions are summarized as follows:
• We present the design of an indoor self-powered visible light communication system, the key insight of which is to harvest the energy from electromagnetic interference signals to enable the indoor self-powered visible light communication. We experimentally identify and verify key factors associated with the system and precisely fine-tune them to meet the tight energy budget.
• We devise energy-efficient schemes on the modulation and data encoding/decoding for the indoor self-powered visible light communication. Our modulation scheme could reduce up to 98% of energy consumption compared with the common low-complexity modulation scheme On-Off Keying (OOK). Comparing with Variable Pulse-Position Modulation (VPPM), our scheme has comparable performance in energy consumption, but can achieve 0% BER with our new data encoding/decoding scheme.
• We build a prototype using off-the-shelf and low-cost devices, and evaluate the effectiveness of our proposed system via extensive experiments. Our evaluation results show that our system can achieve the promising results, even it just harvests the energy from Wi-Fi signals of a home router. Considering stronger electromagnetic signals commonly found in industrial environments, our working system demonstrates the feasibility and sheds light on a new and effective networking solution to complement other wireless techniques in radio-hostile environments of industrial Internet of Things.
II. SYSTEM DESIGN
In this section, we will present the detailed design of our indoor self-powered visible light communication system. We first introduce the challenges that we tackle and then present the overall framework. Next, we will describe energy-efficient schemes on the modulation and data encoding/decoding to support our system. In the end, we present the modeling of the self-powered VLC system to validate our design.
A. PRACTICAL CHALLENGES
In order to realize the indoor self-powered visible light communication in practice, we have to tackle several challenges in the following. First, the energy from harvesting Wi-Fi signals of the commodity home router is very limited regarding to driving LEDs and associated boards, which is the first, yet key step for indoor visible light communication. We have to deal with the design complexity of both hardware and software to enable a working system. Balancing the harvested energy and the voltage stability of the system is a major challenge here. Moreover, the storage capacitor plays the major role in the balance between the energy storage and voltage stability. If the capacitance of storage capacitor is either too large or small, the voltage instability appears, which will increase the BER. In addition, other factors, including the receiver antennas and distances to harvest signals, significantly impact on the energy harvesting.
Second, the tight energy budget poses great constraints on the energy consumption of the modulation scheme so that we can't simply use traditional modulation methods (e.g., OOK [30] and PPM [31] ). Furthermore, the intention of using the lower energy consumption will negatively impact the light intensity of LEDs and the responsibility of photo-detector, both of which are directly related with the BER. Therefore, we have to develop the energy-efficient schemes that fit into our design while minimizing the BER.
Third, a variety of factors arising from both hardware and software influence the success of the indoor self-powered visible light communication. We have to precisely fine-tune configurations and make rigorous trade-offs among them, including the basic frequency of microcontroller in the transmitter, the light-emitting time of LEDs, energy consumption of transmitter, code execution time and BER. For example, in order to minimize the BER, we prefer to use the higher basic frequency, but it will cause the higher energy consumption of the board. In addition, communication links may be effected by optical noises (e.g. background noise and shot noise) from the surrounding environment [32] , [33] .
B. DESIGN CONSIDERATIONS
In order to achieve the indoor self-powered VLC system, we need to consider a variety of factors in the actual environment. We summarize four key considerations of our system design in the following. The overview of our system framework is shown in Figure 2 . Because the energy consumption of LEDs is exponentially related with continuous high-levels, the energy consumption of LEDs increases dramatically. When we use the PPM method, there is only one high-level time slot in each signal and the low level appears between high levels. Therefore, the energy consumption of LEDs decreases. However, using the PPM method will increase the BER and decrease the transmission rate due to the problem of the system's own software code execution time. Therefore, we need to re-design the frame architecture to reduce the energy consumption while improving both BER and transmission rate.
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IV. Seamless Integration. Simply connecting these devices together will not make the system work efficiently. This is because the noise between interfaces of these devices could increase the BER. We need to offer the seamless integration for the system.
1) TRANSMITTER AND RECEIVER
Here, we present our design on the transmitter and receiver as follows. For the transmitter, our system first harvests Wi-Fi signals from one commodity home router TL-WDR6500 by the energy harvesting board (P21XXCSR-EVB, the green board in Figure 8 -a). The antenna gain of the home router is 5dbi, and the antenna gain of energy harvesting board is 35dbi. Energy harvesting board executes both signal harvesting and energy processing functions. Then, it outputs the energy at regular intervals, which can be modified by selecting different output methods. The output energy is transferred to the microcontroller in transmitter (MSP430FR5969, the red board in Figure 8 -a), which stores the energy into the supercapacitor. Finally, the microcontroller efficiently transmits the data to the receiver by using our developed energy-efficient schemes on modulation and data encoding/decoding (see Section II-C).
For the receiver, light signals are first received by PDA10A-EC photo-detector. The photo-detector detects light signals and outputs a certain voltage. Then, we amplify the output voltage of photo-detector by voltage-to-voltage amplifier circuits, which means that the receiver can seamlessly connect STM32F103C8 microcontroller and photo-detector.
C. DEVELOPING ENERGY-EFFICIENT SCHEMES
For the indoor self-powered VLC system, the tight energy budget imposes constraints on the energy consumption of modulation and data encoding/decoding schemes. Commonly used modulation schemes cannot meet such requirements from our system. Here, we first propose an energy-efficient modulation method called Modified Pulse Position Modulation (MPPM), which is based on Pulse Position Modulation (PPM) [35] and considers both energy consumption and energy distribution for the self-powered VLC system.
1) MODULATION
Pulse-position modulation (PPM) is a form of signal modulation, in which M message bits are encoded by transmitting a single pulse in one of 2 M possible required time-shifts. This is repeated every T f seconds, and the transmitted bit rate is M /T f bits per second. It is primarily useful for optical communication systems, where there tends to be little or no multi-path interference [35] . The time slot is T s . We give the schematic diagram of OOK and 4-PPM, as shown in Figure 3 . Every signal is composed of two bits. The high level in different time slots represents different bit combinations. For example, if the high level is the first time slot in one T f cycle, it represents the signal ''00''. if the high level is the second time slot, it represents the signal ''01''. In conventional VLC systems, the modulation method usually uses the OOK [36] . Every time slot only represents one bit. When there are a long sequence of bit ''1'', there will be a continuous high level. It will greatly increase the energy consumption of LEDs, which impacts our system. If we use the PPM, the high level will only occur once in each signal. It means that there is no a continuous high level, the high energy consumption case does not happen.
Further, for the PPM, the number of time slots in each signal has great impact on the energy consumption. When we use high-order PPM, such as 64-PPM, it uses 64 time slots to represent one signal which consists of 6 bits. Although we use less energy to transmit 6 bits than that of the low-order PPM, the high-order PPM will cause the receiver demodulate inaccurately and the BER increase. Furthermore, when we use the high-order PPM, the transmission rate will be smaller than the OOK. For example, if one signal consists of 6 bits, the OOK modulation needs 6 time slots while 64-PPM needs 64 time slots. The number of time slots increases, data rates decrease. However, high-order PPM is not easy to be configured in low-complexity VLC devices. Even if VLC devices can generate high-order PPM, they still need to consume substantial energy.
In summary, we experimentally select 8-PPM as the basic modulation method, which is good for the receiver to demodulate signals. Meanwhile, It decreases the energy consumption of low-complexity VLC devices, which improves the feasibility for the self-powered VLC system.
2) MODIFYING THE FRAME
Although the 8-PPM method solves the energy consumption problem, we further need to change the frame header and add other measures to improve the receiver's accuracy in actual environments. We show a frame architecture in Figure 4 . The architecture of frame includes a frame header, a part of 8-PPM time slots and a delay flag, which is proposed by us. The frame header consists of 15µs high level and 10µs low level. The time slot in 8-PPM is 10µs. VOLUME 7, 2019 FIGURE 4. The frame architecture. We set a 15µs high level and a 10µs low level for the frame header. Then, we set 10µs for the modified 8-PPM time slot. Finally, we set a 5µs low level as the delay flag.
The purpose of using 15µs of frame header is to enable the receiver detect the start position of frame by Timer (A Timer is a specialized type of clock used for measuring specific time intervals.). After 15µs high level, we add the 10µs delay time to compensate errors caused by the code execution time. Then, we modify 8-PPM by eliminating the low level time after every high level time slot. It is similar to Variable Pulse-position Modulation (VPPM) [37] , but we add a fixed time delay after a high level as the delay flag.
The delay flag is set as 5µs in our system. It is a compensation for the additional time consumed by executing the software code on the board. It mainly relieves the time consumption from the ending of one signal to the beginning of another signal. For the receiver, when it detects more than 85µs low level time, the receiver's microcontroller considers the frame ends.
D. MODELING
Through discussions above, we could see that the equilibrium between the power supply and energy consumption is the key to realize the indoor self-powered VLC system. Here, we validate the feasibility of our proposed system by a theoretical modeling.
First, we measure the mean power of different states of microcontroller: a) The mean power of low level in active mode (AM) is P Al = 12.3502mW ; b) the mean power of high level in AM is P Ah = 108.9180mW ; c) The mean power of low level in low power mode 4 (LPM4) is P Ll = 1.702µW .
We use the EnergyTrace + + function in the Code Composer studio 6.20 (CSS) software to test the energy consumption, under the 8MHz basic frequency [38] . The 1.702µW in LPM4 is almost the same as described in the TI product specification [39] . The high level in AM is 108.9192mW , which combines 100mW LED with 12.3502mW low level in AM.
When we transits one data stream, it randomly generates a bits. The duration time of high level is:
(1)
where '3' represents that our modulation scheme MPPM is based on 8-PPM method, in which each signal consists of 3 bits that consists of 1-8 time slots, '15' represents the high level time of the frame header, '10' represents the time slot is 10µs, and 10 −6 means the conversion from microseconds to seconds. The duration time of low level is uncertain because signals are randomly composed of bit combinations. We assume the total duration time of low level in AM is T Al . We use the 35dbi antenna to charge the self-powered VLC system. The charging time T C is 120-180s, and we assume it is 150s. The harvested energy E C is 0.9396mJ . In order to achieve the indoor self-powered VLC system and meet the energy conservation, we make following constraints:
Equation 2 is the energy limitation, which means that the total consumed energy is less than the total harvested energy. The charging time is 150s. Equation 3 is the balance relationship between the number of bits and the duration time of low level. We give two bounds here. One is that transmitted bits are all ''0'', and T Al has 10 + a/3 * 5 low level time. The other one is that transmitted bits are all ''1'' and T Al has 10 + a/3 * 5 + 7 * a/3 * 10 low level time. '7' means that there are seven low level time slots before the high level. '10' represents the 10µs time slot. The duration time of low level in AM is between these two bounds.
In practice, we also need to consider the instability of the microcontroller and the capacitor attenuation from voltage harmonics and heat changes. Therefore, we loosen the power limit to 0.8000mJ . Furthermore, we simplify the Equation 2 as follows:
We apply Equation 3 into Equation 4, and we get a < 758. Namely, we can achieve the indoor self-powered VLC system when the number of transmitted bits is less than 758 bits, which is subject to the charging time 150s and the harvested energy 0.9396mJ . Note that, we can fine-tune hardware configurations to change the charging time T C and the harvested energy E C in the energy harvesting board in order to boost the maximum number of transmitted bits for the self-powered VLC system.
III. PROTOTYPE
In this section, we give our prototype of indoor self-powered visible light communication.
A. TRANSMITTER 1) ENERGY HARVESTING BOARD
Our system uses P21XXCSR-EVB as the energy harvesting board [40] . The P21XXCSR-EVB converts the RF energy into the direct-current (DC) power and stores it in a capacitor to provide an intermittent and regulated voltage output. We choose this board because it is effective for energy harvesting and energy distribution, and this board has the in-built signal processing module. In addition, the evaluation board can harvest multi-band signals for the energy processing. The range of frequencies is from 824MHz to 2450MHz. It has the flexibility to change the storage capacitor, which plays the key role in the success of our system. In detail, the evaluation board has two different capacitor, one in-built capacitor and one user-determined capacitor. The capacitance of capacitor is directly related with the time of energy storage and the efficiency of energy distribution. We use the in-built supercapacitor on evaluation board, and the capacitance is 50mF.
We use the TL-WDR6500 router as the energy source [41] . The P21XXCSREVB receives the energy as following:
where P r is the receiver's power, P t is the router's power, G t is the router's antenna gain, G r is the receiver's antenna gain, R is the distance between transmitter's antennas and receiver's antennas. λ is the radio frequency wavelength.
2) TRANSMITTER'S MICROCONTROLLER
We use MSP430FR5969 LaunchPad as the microcontroller in the transmitter [39] . The MSP430 has been considered as the lowest power consumption board in industry [39] . The microcontroller board consumes approximately 100µA/MHz in AM and 0.3-0.5µA in LPM4 at 25 • C. The lower the transmitter's energy consumption is, the longer the system can sustain. In order to achieve the balance among the energy consumption, communication distances, data rates and BER, we must set up precision configurations.
3) BASIC FREQUENCY IN MICROCONTROLLER
In Figure 5 , we show all basic frequencies that the microcontroller can achieve, which are from 1MHz-24MHz.If the basic frequency is higher, the data rate will be faster. However, the energy consumption of the transmitter will be higher. If we choose a lower frequency as the basic frequency, the energy consumption of transmitter will decrease and the instruction cycle of microcontroller will get longer. This will make the code execution take longer, which will result into the increase of BER. Therefore, we propose the delay flag to alleviate the error caused by the code execution time. Note that, if the basic frequency is higher, then the transmission rate is faster and the energy consumption is higher.
4) CACHE IN MICROCONTROLLER
In addition, we need to consider the cache in microcontroller, which has great impact on the energy consumption as shown in Figure 6 . The MSP430FR5969 board mainly uses two types of caches, Random Access Memory (RAM) and Ferro-electric Random Access Memory (FRAM). Fig. 6 shows the energy consumption of microcontroller by using different types and proportions of caches in AM. We can find that, when we use FRAM as the cache, the energy consumption is relatively lower.
5) RESPONSE TIME FROM LEDs
For LEDs, when the light-emitting (high level) time is longer, the light intensity is stronger and the communication distance will be further. However, with the constraint on energy consumption, the light-emitting time of LEDs should be shorter. Meanwhile, we should pay attention to the response time from LEDs. If the light-emitting time is much shorter than the response time of LEDs, the transmitter cannot transmit the complete signal. For example, the response time is 5µs and the light-emitting time is 3µs, LEDs do not reach the peak of response time when the light-emitting time ends, which finally causes the BER increase. Therefore, we make the trade-offs in distances, rates, response time and energy consumption. We choose 8MHz as the basic frequency. Note that, the choice of basic frequency of microcontroller depends on the types of receiver antennas or commodity home routers.
B. RECEIVER 1) PHOTO-DETECTOR
For the photo-detector in receiver, we use Thorlabs company's PDA10A-EC Si amplified fixed detector [42] . This detector is selected for the following reasons: 1) its response band is very high, 150MHz. It is able to detect light signals in the 200-1100nm wavelength range. Although we can use photovoltaic cell (2CU33) as photo-detector and reduce the transmitter's bit stream rate to build the self-powered VLC system, the energy consumption of transmitter will be much more. 2) For PDA10A-EC, it has in-built high performance transimpedance amplifiers, feedback circuits and low-complexity filter circuits. The output voltage is 0-10V . The output voltage is defined as:
Scale Factor = R load R load + 50 (7) After the photo-detector outputs signals, we design and implement 5.6dB voltage operational amplifier circuits, as shown in Figure 7 , which acts as the seamless interface between the photo-detector and the receiver's microcontroller. For the receiver's evaluation board, we use STM32F103C8 as microcontroller [43] . Its basic frequency can reach 72Mhz, which produces accurate Timer and A/D sampling. 
IV. EVALUATION
In this section, we conduct extensive experiments to evaluate the performance of our system in the following.
A. EXPERIMENT SETUP
We conduct experiments in a typical room, where sunlight and fluorescent lights are present. Our prototype includes the major components as follows, the energy harvesting board P21XXCSR-EVB, transmitter (TX)'s microcontroller MSP430FR5969, photo-detector PDA10A-EC, receiver (RX)'s amplifier circuits and receiver's microcontroller STM32F103C8. The details of device parameters and characteristics are listed in Table 2 . We place the transmitter and receiver on the same vertical line. We adjust the receiving light intensity through changing communication distances and data rates between the transmitter and receiver. We use the direct current constant current source GPS-430C to provide the power for receiving circuits.
B. ENERGY CONSUMPTION VS. BASIC FREQUENCIES
We change the basic frequency of the microcontroller MSP430FR5969 to measure the energy consumption, as shown in Figure 9 . The energy consumption value is calculated when microcontroller transmits a data stream that consists of 288 bits. We can find that, if the basic frequency is higher, the energy consumption will increase.
Further, we present the actual execution state of energy consumption for MSP430FR5969, as shown in Figure 10 . In Fig. 10 -a, we find that, the energy consumed by MSP430FR5969 is 0.142mJ in 10s when it transmits 100 bits at the basic frequency of 16MHz. The mean power is 0.1434mW . In Figure 10 -b, we find that, the microcontroller works in LPM4 at most time. When the LED lights, the microcontroller works in AM and the system reads the execution code from FRAM. At this point, the energy consumption of transmitter is maximum.
Overall, we can observe that the limited energy harvested from Wi-Fi signals of one commodity home router puts the tight energy budget on the whole system, and it is critical to optimize the energy consumption of all the components.
1) BIT ERROR RATE (BER) a: BER VS. COMMUNICATION DISTANCES
We first change communication distances to evaluate the BER. The microcontroller basic frequency is 8MHz and low level time slot is 10µs. From Figures 11 12, we can find that when the communication distance increases, the BER increases too. The reason is that, with the increase of communication distances, the light intensity becomes weak. The receiver cannot detect high level and low level accurately, which causes the BER increase.
b: THE EFFECT OF HIGH LEVEL TIME SLOT
We change the size of 10µs high level time slot at the transmitter to measure the system's BER. In Fig. 11 , we give three different high level time slots: a) The blue line is 5µs high level case; b) the red line is 10µs high level case; and c) the green line is 15µs. As the size of high level time slot decreases, the BER increases. When the distance between the transmitter and receiver is 12cm, the 5µs high level case presents the highest BER and the 15µs high level case presents the lowest BER. The reason for this is that, when the size of the high level time slot decreases, the intensity of the emitted light decreases, which results in the increase of BER. Note that, when the size of high level time slot increases, the energy consumption also increases. 
c: THE EFFECT OF THE DELAY FLAG
We also change the size of the delay flag, which was proposed in Section II-C, to evaluate the system's BER. In Fig. 12 , we configure three different delay flags: a) the blue line represents 5µs delay flag; b) the red line is 10µs case; and c) the green line is 50µs case. We find that, if the delay flag is configured appropriately (blue line), the BER is improved significantly. However, the data rate will decrease due the increase of the size of delay flag (red line). When the delay flag is set as 50µs, the interval between high levels increases so that the light intensity becomes dim, which then causes BER increase.
2) SPECTRUM ANALYSIS FOR THE TRANSMITTER
Here, we measure collected energy bandwidth and center frequency. The purpose of spectrum analysis is not only VOLUME 7, 2019 to analyze the bandwidth of the harvested signal and the maximum peak at a certain distance, but also to estimate the relationship between the charging time and the output energy.
a: COLLECTED ENERGY BANDWIDTH
In our experiment, the collected energy bandwidth is measured by using the GSP-830 spectrum analyzer, as shown in Figure 13 , when the distance between router antennas and energy harvesting board antennas is 8cm. The power trace function is used in the spectrum analyzer and the peak is displayed on the screen. We find that the strongest Wi-Fi signal occurs at 2411.4MHz, and the power of receiver's antennas arrives at 3.5dbm. The energy harvesting board we used can harvest the minimum −15dbm, so that the actual collected energy bandwidth is about 24MHz, the center frequency of which is 2411.4MHz. 
b: THE CHARGING TIME
For the transmitter, the configurations about the charging time and the output energy have a key impact on the energy efficiency and voltage stability of the transmitter. When we set the output of energy harvesting board is 0.9396mJ , the board needs 120-180s to finish one cycle of energy harvesting and energy distribution. Note that, it is a dynamic harvesting time for the energy harvesting board as the strength of Wi-Fi signals is dynamically changing. Therefore, we need to have the appropriate configuration to maintain a stable voltage for our indoor self-powered visible light communication.
3) PERFORMANCE OF MODULATION METHODS
In this section, we start to evaluate three modulation methods, including OOK, VPPM and MPPM, for the indoor self-powered VLC system. We show the system performance by comparing three modulation methods in Table 3 . The system transmits three different data streams, and the percentage of low level in each data stream is different. The position of low level and high level is randomly generated. 
a: ENERGY CONSUMPTION AND BER
We first observe the energy consumption of three modulation methods. In the Table 3 , we find that, the OOK modulation method consumes the most energy, and MPPM reduces up to 98% of energy consumption comparing with that of OOK. The OOK method consumes the energy drastically when the proportion of low level is 25%. The reason is that the duration time of high level becomes longer when the proportion of high level increases. Furthermore, the duration time of high level makes the LED continue to light (greater than 10µs). Then, the LED consumes the energy exponentially when the light-emitting time is longer. As a result, this results a sharp increase in the energy consumption. The energy consumption is similar between VPPM and MPPM methods, but VPPM has the highest BER, which will be explained in the following.
We set the communication distance between the LED and photo-detector as 8cm. We start to measure the system's BER under different modulation methods. OOK and MPPM methods do not impact the BER, while the VPPM method has the highest BER. The reason for this is that, the VPPM method directly transmits light signals after a high level rather than waiting a certain delay time. If the frame architecture has no delay time, the code execution time will mix with transmitted signals in low-complexity VLC devices. This case results that the receiver cannot accurately demodulate signals by the count function of Timer. Although we can use high-performance devices to improve the code execution time and generate shorter time slots to decrease the energy consumption of LEDs, such as Xilinx Artix-7 FPGA [44] . However, this requires extra devices (e.g. MAX4427) to modulate and demodulate light signals, the consumed energy of which will be 48mW , which are not suitable due to the tight energy budget of our system.
b: DATA RATES
For data rates, the OOK modulation method can achieve 100Kbps. The VPPM modulation method is slightly faster than the MPPM. This is because the added delay flag reduces the rate in the MPPM. In addition, both VPPM and MPPM will generate different data rates due to random bit streams, in which the low level time before the high level is uncertain. We only listed one case in Table 3 .
V. LIMITATIONS AND DISCUSSION
Finally, we discuss some limitations about our self-powered VLC system. These limitations not only are consistent with experiment results above, but also have insights on improving the indoor self-powered VLC system in the future.
A. LED LIGHT INTENSITY
From our experiments, the biggest problem is that the light intensity of LED is not enough. The fundamental reason is that the energy harvested from Wi-Fi signals of one commodity home router is limited. For example, the power intensity of Wi-Fi signals is only 0.001µW /cm 2 . What's more, the dynamic Wi-Fi environment causes the dynamics of harvesting time so that the transmitter may not be able to send stable signals. These constraints imposed great challenges to enable the continuous visible light communication. We envision that, with the advancement of energy harvesting board, our system could obtain more energy to better support indoor self-powered visible light communication.
B. DISTANCES AND OPTICAL NOISE
Our experiments show that the self-powered VLC system can achieve the lowest BER at a distance of 8-14cm. We admit that those short distances have constraints on developing the self-powered VLC system for more applications in the real world. The main reason is that, with the distance increasing, the photo-detector almost receives the same light intensity from useful light signals and optical noises. If we still use the Timer to determine the frame header and demodulate by judging high levels and low levels, the BER will increase obviously. One could address this by using the edge detection method from the more expensive and high-performance devices at the cost of more energy consumption, which is not practical for now as the tight energy budget obtained from harvesting Wi-Fi signals. With the development of more energy-efficient devices in future, we may solve these problems. For example, although the light intensity of transmitted signals is the same as the light intensity of optical noises, they are different in the duration time. It means that the rate of the light intensity change is different. This difference can be well distinguished by the edge detection method. We first do first-order derivatives of light intensity value from the high-precision A/D acquisition card. The duration time of useful signals is short, and the first-order derivative value is high. Optical noises case is just the opposite, where the first-order derivative value is low. The BER will be improved by the edge detection method.
C. INTEGRATION WITH OTHER COMMUNICATION SYSTEMS
As discussed before, indoor visible light communication is a supplemental and alternative solution for the wireless communication. Recent studies have demonstrated that the hybrid wireless and VLC communication brings more performance benefits on spectrum resources and channel interference [45] . Our proposed indoor self-powered visible light communication could replace some functions of indoor visible light communication in these applications. Without the reliance on the power line and batteries, our system could further boost the popularity of indoor visible light communication and simplify the deployment cost significantly.
VI. RELATED WORK
None of prior work explored self-powered visible light communication based on Wi-Fi signal and prototyped it by using the off-the-shelf and low-cost devices.
A. ELECTROMAGNETIC ENERGY HARVESTING
Energy harvesting technique has been proposed to collect and transform the distributed energy around the environment, e.g., solar energy, thermal energy, vibration energy, and electromagnetic energy, into usable electrical energy [46] . It has been mainly used in wireless sensors, embedded medical equipments, military monitoring, remote weather stations, calculators, watches and Bluetooth devices. For example, Vyas et al. [47] proposed a no-battery embedded sensorplatform, which harvested the power from ambient digital-TV signal. Kawahara et al. [48] proposed the energy harvesting from the microwave oven electromagnetic leakage to operate low-power devices without battery in the indoor environment. Lai et al. [49] presented the design of a communication system that enabled two devices to communicate using ambient RF as the only source of power, which harvested power by backscattering ambient RF signals and avoided the expensive process of generating radio waves. In our paper, we focus on the electromagnetic energy harvesting to enable indoor visible light communication.
B. VLC APPLICATIONS
Tian et al. [50] proposed the darkVLC, which aimed at achieving the visible light communication without the reliance on light beams. however, their system is not selfpowered. Wang et al. [25] proposed the self-powered VLC system under the sunlight, which harvested the energy by solar cells and transmitted signals by reflected visible light. However, solar energy has its own limitations on the availability and location. Aggarwal et al. [51] proposed to develop optimal energy scheduling algorithms for optical Poisson channels. Varshney et al. [52] proposed visible light sensing system, which required no modification to the existing light infrastructure since they used unmodulated light as a sensing medium. However, they still need to wire the devices into the power line, which increased the complexity of deployment and was not practical due to human resource logistics and environment concerns. In this paper, we propose the indoor self-powered VLC system by harvesting the energy from the ubiquitous Wi-Fi signal rather than the sunlight.
VII. CONCLUSION
In this paper, we have designed and implemented an indoor self-powered visible light communication system, which harvests the energy from electromagnetic signals. We have tackled the challenges on system designs, energy-efficient schemes and circuit designs. We have evaluated the performance of our system on different aspects including bit error rate, energy consumption, light interference, and data rates. We have also verified the feasibility of our system via extensive results, which shed light on an effective networking solution to complement wireless techniques in radio-hostile environments of industrial Internet of Things.
